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Abstract 
In order to generate wireless microwave power charging technology in coal mine tunnels, it is 
necessary to know the power characteristics of wireless electromagnetic wave along the tunnel walls. In 
this paper, the experimental results of narrowband wireless electromagnetic wave propagation 
measurements are presented, and a statistical model of the power characteristics at 2.4 GHz in real 
rectangular mine tunnels is proposed. Two standard half-wave dipole antennas were used to perform the 
field experiments in tunnels with different wall materials. A 10-meter wireless charging distance belongs to 
the free-space propagation zone. The path loss exponents rely heavily on the location of the receiver and 
antenna polarizations. To obtain more power, the locations of the receiver should match the corresponding 
polarizations. 
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1. Introduction 
The Wireless Sensor Network (WSN) plays a significant role in mine safety production. 
Conventional battery power for the WSN affects its stable operation time. The research 
progress of microwave power transfer [1-4] allows the battery to be charged using microwave 
wireless charging technology, thus prolonging the life cycle of the WSN. In order to determine 
wave transfer efficiency between the sending and receiving devices, the characteristics of wave 
propagation in mine tunnels must be studied. 
Several theoretical and practical studies have been performed on wave propagation in 
tunnels [5-8] and can be summarized as analytical and numerical models. Zhi Sun et al. 
proposed the multimode-waveguide model [8], which is capable of accurately characterizing fast 
fluctuations of the channel and provides an analytical expression of the received power at any 
location in a tunnel. Ruisi He [9] reported measurements taken in a subway tunnel at 2.4 GHz. 
According to the practical application, this author decorated the antenna on the tunnel side 
walls, providing us a reference value. Y.P. Zhang et al. [10] placed the transmit antenna at three 
locations: middle, upper middle, and upper-left corner of the tunnel cross section. The 
conclusions show that the attenuation is almost the same for the three cases, but the transmit 
antenna insertion power loss is different. Chahé Nerguizian [11] placed the transmitting antenna 
at different locations during the narrowband measurement procedure and analyzed the path 
loss. Carlos Rizzo [12] presented a complete study about transversal fading in the Somport 
tunnel at 2.4 GHz. The fading behavior was similar in each transversal half of the tunnel but 
different in the center. Studies [13] developed a fusion model combining the modal theory and 
ray theory in the rectangular tunnel. These authors modified the ray model by the modal theory 
and emulated the wave propagation in a rectangular tunnel. Sun Ji-ping et al. [14] intensively 
studied the characteristics of wave propagation in tunnels and presented a mathematical 
expression that considers the factors of cross-sectional dimension and conductivity, among 
others.  
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However, most of these studies focused on the propagation characteristics of 
electromagnetic (EM) waves along the tunnel. In actual underground mine tunnels, sensors are 
usually arranged on both the sides and the top of the tunnel walls (as locations A, B and C 
shown in Figure 1), which formed zonal distribution characteristics of sensor nodes in tunnels. 
The power transmitter is placed in the middle of the tunnel (location O in Figure 1); therefore, we 
need to determine the EM propagation characteristics along the tunnel walls in the near region. 
To date, the EM propagation characteristics along the rectangular tunnel walls at a short 
distance have been poorly mentioned and not studied in detail. 
The measurement-based characterization of underground mines provides realistic 
results that are of immediate use to designers and developers and has therefore attracted 
increasing attention in the last decade. This paper describes the results of a measurement 
campaign that was performed at frequencies of 2.4 GHz in a real rectangular small-scale mine 
tunnel.  
 
 
2. Wireless Charging System for Sensor Networks 
In the actual coal mine tunnel, sensor nodes are arranged on tunnel walls orderly (as 
shown in Figure 1-a), which present zonal distribution. In order to wirelessly charge the sensor 
nodes, a microwave transmitter device (as shown in Figure 1-b) should be developed to supply 
the RF (radio frequency) energy. The whole charging scheme is shown in Figure 2. 
 
 
 
(a) Sensor node in the tunnel 
 
(b) Microwave transmitter 
 
Figure 1. Sensor node and microwave transmitter in the tunnel 
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Figure 2. Microwave wireless charging scheme in mine tunnel 
 
 
Figure 2 shows the microwave wireless charging scheme in a mine tunnel. The 
microwave transmitter is planed to be installed on periodic mobile devices, such as locomotive 
for tunnel transportation, scraper conveyor and monkey vehicle et al. These mobile devices 
cover almost the areas where the sensor network nodes existing, so most of the nodes can be 
charged with the movement of the microwave transmitter. Before bring the wireless charging 
technology in tunnels, it is necessary to study the power characteristic between the transmitter 
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and the sensor nodes. Thus to analyze the power transmission efficiency and further theoretical 
basis for the device design is provided. 
 
 
3. Description of the Measurements 
 
3.1. The Underground Mining Environment 
Two typical rectangular tunnels in the JinDa Mine, located in the city of Teng Zhou, 
Shandong Province, were chosen for the experiments. The tunnels in the experiments have 
different dimensions and wall materials. The width, height and wall materials of each tunnel are 
shown in Table 1. 
 
 
 
(a) Tunnel with rock roof and concrete side 
walls 
 
(b) Tunnel with rock roof and coal side walls 
 
Figure 3. Cross section of the tunnel 
 
 
Table 1. Information of the tunnels adopted in experiments 
 Width(m) Height(m) Roof Material Side-wall Material 
Experiment 1 2.6 2.2 rock concrete 
Experiment 2 3.5 2.4 rock coal 
 
 
As shown in Figure 3, the tunnel section is rectangular. The thickness of the concrete at 
the tunnel lining is approximately 10 cm, and that on the tunnel floor is approximately 25 cm. 
Outside of the tunnel is rock material. The iron wire entanglements are placed between the 
concrete and the sand rock with the distribution of square grid (orange line shown in Figure 2), 
where the diameter of the iron wire is 0.2 mm and the width of the square grid is 10 cm. Some 
tunnels use rock for the roof and floor, while others use coal as side walls. 
One side of the tunnel has 4 cables, each with a diameter of 10 cm. The voltage of the 
cables is 600 volt, and the frequency of the alternating current is 60Hz. The distance between 
cables is 8 cm, with a 5-cm distance to the tunnel wall and an approximately 1.4-m distance to 
the tunnel floor. One water pipe with a 5-cm diameter is on the other side of the tunnel, and the 
distance to the tunnel floor is approximately 1.2 cm. In addition, there is a drainage channel on 
the pipe side, with a width of 30 cm and a depth of 20 cm. Two rails are distributed on the tunnel 
floor approximately 10 cm from the center. Another cable is on the roof of the tunnel with a 10-
cm distance from the top for the floodlight. 
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3.2. Experimental System 
Two standard half-wave dipole antennas operating at 2.4 GHz were used in these 
experiments. As shown in Figure 3, the transmitting antenna was placed in the tunnel center 
(marked as O). When the antenna is located in the center of the tunnel, the insertion loss is 
least. The transmitting antenna was connected to the microwave signal source (R&S-SMB100A) 
by a 2-m-long low-loss RF cable (goreXN3449, 0.4 dB/m at 2.4 GHz). The output power of the 
signal source was set to 16 dBm. The receiving antenna was placed at three locations A, B and 
C, where the sensors were usually laid out. The receiving antenna was connected to a spectrum 
analyzer (GSP-830E) by a 5-m-long cable (goreXN3449), and a PC was also connected to the 
spectrum analyzer to record the data. Multi-path effects existed in the tunnel, and the signals 
changed dramatically during the experiments. In order to conveniently record the data, we set 
the spectrum analyzer to show the test data averaged over 20 times. The whole test system is 
shown in Figure 4. 
 
 
 
 
Figure 4. The whole test system 
 
 
The receiving antenna was arranged at three locations A, B and C, as shown in the 
Figure 3. At the beginning of the test, the receiving antenna and transmitting antenna were on 
the same cross section. The transmitting antenna was moved along the tunnel axis. The data 
were recorded every 0.2 m, and the total tested distance was 10 m. Power at locations A, Band 
C was measured under X, Y and Z antenna polarizations. Each location obtained three sets of 
data, totaling nine sets. 
 
 
4. Results and Analysis 
Several measurement campaigns have been conducted as discussed above. Prior to 
describing the experimental results, the coordinate system of a typical tunnel complex was 
defined for reference in the subsequent data analysis. The Z axis is defined as the longitudinal 
direction of the tunnel, the X axis as the width, and the Y axis as the height. The coordinate 
origin is defined in the tunnel floor center. The initial Z coordinates of the transmitting antenna 
was set to 0 in every experiment. The experimental results are discussed under three conditions 
as follows. 
 
4.1. Power Characteristics in the Tunnel with Rock Roof and Concrete Side Walls 
Figure 5 illustrates the received power of locations A, B and C under three polarization 
conditions. Studies [8] and [13] present a complete multimode-waveguide model to calculate the 
received power at any location in a tunnel, while the real results in the rectangular tunnel are not 
consistent with the simulation results based on the multimode-waveguide model. In studies [15] 
and [16], an adjacent region of the transmitter was named the free-space propagation zone, 
where the loss follows the free-space model. In comparison, the model described in [16] is more 
precise and can be represented as 
 
0
0
( ) ( ) 10 log10( )dB dB
dPL d PL d n X
d 
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(1) 
 
where d is the distance between the sending and receiving devices, and PLdB(d) is the 
path loss on distance d. d0 is the reference distance, which is set to the initial distance when 
signal
source
spectrum
analyzer pc
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sending and receiving devices are in the same cross section at the beginning of the experiment. 
PLdB(d0) is the received power at the reference distance d0. n is the path loss exponent, and σ is 
a zero-mean Gaussian distributed random variable in dB, whose value ranges from 0.3 to 3. 
Figure 6 shows the fitting curves of the measured data of experiment 1. In the actual 
wireless charging application, the average power over a 10-meter distance is our concern. 
Thus, the value of Xσ is ignored. The path loss exponents n at three locations A, B and C under 
three polarization modes are shown in Table 2. 
 
 
(a) location A (b) location B (c) location C 
 
Figure 5. Received power at three locations and under three antenna polarizations 
 
 
(a) location A (b) location B (c) location C 
 
Figure 6. Fitted curve of the received power at three locations and under three antenna 
polarizations 
 
 
Table 2. Summary of path loss exponents n at three locations and under three polarizations 
 X Polarization Z Polarization Y Polarization 
A -1.31 -1.577 -0.3143 
B -1.279 -1.434 -0.2618 
C -0.9488 -1.323 0.3138 
 
 
As shown in Figures 5 and 6, at location A, the condition of Y polarization has not only 
the highest received power, but also the smallest attenuation, with a path loss exponent n=-
0.3143. The conditions of X and Z polarization are similar, but the path loss exponent |n| of Z 
polarization is slightly larger than that of X polarization. Thus, the received power under Z 
polarization will decrease compared to that under X polarization with increasing distance. In 
total, the condition of Y polarization is far better than the other polarizations. 
At the location B, the conditions of X and Z polarization are similar at a short distance. 
Because the PLdB(d0) of X polarization is larger than that of Z polarization, and |n| of X 
polarization is slightly smaller, the condition of X polarization is slightly superior to Z polarization. 
In addition, Y polarization is optimal after 2 m. 
At location C, the path loss exponent n of Y polarization is positive. In the initial short 
distance, the tendency of the received power increased gradually. The whole received power is 
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gradual when the value |n| is small. During the initial phase, the receiving power of Z 
polarization is higher, but with increasing distance, the power is much lower than that of Y 
polarization. 
Comparing the symmetrical locations A and C, the attenuation trends of X and Z 
polarizations are similar. For the Y polarizations, the calculated powers are comparable. In 
addition, their path loss exponents |n| are close, but the different PLdB(d0) result in the different 
signs of n. In summary, for locations A and C, Y polarization is optimal. However, for location B, 
X polarization outperforms others before approximately 2 m, and Y polarization is still optimal 
after approximately 2 m. 
 
4.2. Power Characteristics in the Tunnel with Rock Roof and Coal Side Walls 
The location of experiment 2 is a segment of a straight tunnel with a greater width and 
coal side walls. Figures 7 and 8 show the measured curves and the corresponding fitting 
curves, respectively. The parameters that were used in the curve-fitting are illustrated in  
Table 3. 
 
(a) location A (b) location B (c) location B 
 
Figure 7. Received power at three locations and under three antenna polarizations 
 
 
(a) location A (b) location B (c) location B 
 
Figure 8. Fitted curve of the received power at three locations and under three antenna 
polarizations 
 
 
Table 3. Summary of path loss exponents n at three locations and under three 
polarizations 
 X Polarization Z Polarization Y Polarization 
A -1.104 -1.225 1.3 
B -1.392 -1.74 -0.1012 
C -0.627 -2.245 0.9475 
 
 
At location A, the results of X and Z polarizations are similar. The initial received powers 
and the path loss exponents under both polarizations are very close, but X polarization is 
superior to Z polarization. The received powers of Y polarization are significantly different from 
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those of X and Z polarizations. The initial received power under Y polarization is far below the 
values of X and Z polarizations, and the path loss exponent n is plus 1.3. Under Y polarization, 
with increasing distance, the received power does not decay but gradually rises. The received 
power of Y polarization surpasses the values of X and Z polarizations at a distance of 
approximately 3 m and exceeds the initial values of three polarizations at a distance of 
approximately 6 m. 
At location B, the path loss exponents n of Y polarization are close to 0, and the 
changes along the distance are relatively stable. The initial received power under Y polarization 
is smaller than that under X and Z polarizations. The conditions of X and Z polarizations are 
similar; they have close initial received powers, but the absolute value of n of X polarization is 
slightly less than that of Z polarization. Hence, the results of X polarization are better than the 
results of Z polarization within 10 m. The curves of X polarization and Y polarization intersect at 
a distance of approximately 2 meters. 
The conditions at the location C are similar to those at location A. However, the initial 
received power under Y polarization is slightly larger; thus, the path loss exponent n is lower 
than that at location A. Meanwhile, the initial received power and the path loss exponent of X 
polarization decrease. The curves of the three polarizations intersect at a distance of 
approximately 3 m. 
Comparing locations A and C, the measurement results are similar. The difference 
between these results is that the initial received powers under three types of polarizations are 
different. Overall, X polarization could obtain larger received powers when the distance is less 
than 3 m, but when the distance is far from that, the conditions of Y polarization are optimal. 
Comparing Experiments 1 and 2, we find that the tunnel size and wall material have 
little influence on the path loss exponent. The absolute values of n obtained in curve fittings are 
approximately 1, which are far less than the free space path loss (n = 2). Values of PLdB(d0) vary 
greatly. The reasons are estimated for the cables, testers and some other uncertain factors. 
 
 
5. Conclusion 
In this paper, we explore the power model of wave propagation between the sending 
and receiving devices in mine tunnels. The experiments were performed in two rectangular 
tunnels with different wall materials. The transmitting antenna was placed in the middle of the 
tunnel and the receiving antenna was placed on the tunnel walls. We measured the received 
power under three polarizations X, Y and Z in different tunnels. The results show that the path 
loss follows the free-space model. In all tunnels, antennas working on X or Z polarization can 
gain more power over short distances, but Y polarization is optimal after approximately 2 m. In 
addition, under Y polarization, with the increased distance, the received powers sometimes do 
not decay but gradually increase. The tunnel size and wall materials have little influence on the 
path loss exponent. Cables, testers and some other uncertain factors impact the PLdB(d0) 
greatly. 
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